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Abstract. The eventual prospect of muon colliders reaching several TeV en-
courages us to consider the experimental opportunities presented by very copi-
ous stores of muons, approaching 1021 per year. I summarize and comment upon
some highlights of the Fermilab Workshop on Physics at the First Muon Collider
and at the Front End of a Muon Collider. Topics include various varieties of 
colliders, p colliders, and applications of the intense neutrino beams that can
be generated in muon storage rings.
INTRODUCTION
The initial appeal of a +− collider is that it may provide a possible path
to a few-TeV lepton-lepton collider to address the great issue of our age,
the character of the mechanism that breaks electroweak symmetry. It is a
commonplace that lepton colliders and hadron colliders oer complementary
means to explore the nature of electroweak symmetry breaking [?,?]. It is
widely agreed that the rise of synchrotron radiation causes circular electron
machines to become impractical for energies above a few hundred GeV. Linear
colliders are therefore under development for c.m. energies from a few hundred
GeV to about 1:5 TeV. I think it possible that linear-collider technology
may only be interesting for about one decade in energy; the growth path
beyond 1 to 2 TeV is not clear. But it is a very interesting decade in energy,
over which we expect to learn the secrets of electroweak symmetry breaking.
That is why there is such intense interest in the linear-collider approach. In
contrast, the extrapolation of a +− collider to several TeV per beam seems
straightforward|if a +− collider can be made to work at all [?,?]. If the
small size of a +− collider is an indication of its cost, which is by no means
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established, a +− collider might even oer a less costly way to a modest-
energy lepton collider. Taken together, these two possibilities oer a strong
incentive to investigate the technology of a +− collider.
Once the technological possibility of a muon collider is raised, there are
many interesting possibilities to contemplate [?]. On the way to the ultimate
prize of a 2{4-TeV collider, we may consider a high-luminosity Z factory and





TeV to explore details of a supersymmetric or technicolor world
for which the rst indications have been found elsewhere. A +− collider also
oers the unique possibility of a Higgs factory where detailed measurements
not possible elsewhere could be undertaken. The front end of a muon collider
oers a host of possibilities of its own, including intense low-energy hadron
beams, a copious source of low-energy muons, and the neutrino beams of
unprecedented intensity and unusual flavor composition that emanate from
stored muons. A muon collider in the neighborhood of a hadron storage ring
opens the possibility of high-luminosity p collisions as well.
Many of these possibilities have been explored at this Workshop, which I
found notable for the fact that the participants actually did some original
work. My rst|and most important|conclusion to the Workshop is that
there are many interesting physics topics to think about.
The Case for Muons
The muon is massive: m  106 MeV=c2  207me. Compared to electrons
in a circular machine of given radius, muons of the same energy lose far less
energy to synchrotron radiation, by a factor (me=m)
4  5:5  10−10. A
crippling problem for electron machines|and the reason we turn to linear
colliders|is of negligible importance for a muon machine.
In common with the electron, the muon is an elementary lepton at our
current limits of resolution. Its energy is not shared among many partons,
so the muon is a more ecient delivery vehicle for high energies than is the
composite proton.
Because the muon is massive, and can be accelerated eciently in circular
machines, and because we can probe the 1-TeV scale with muons of a few TeV,
as opposed to protons of several tens of TeV, a muon collider can be small. If
a muon collider proves technically feasible, we need to discover whether small
translates to inexpensive|both in absolute terms and compared to other paths
we might take to high energies.
Beyond the suggestion of these practical advantages, muons oer a possibly
decisive physics advantage. The great seduction of a First Muon Collider is
that the cross section for the reaction +− ! H, direct-channel formation
of the Higgs boson, is larger than the cross section for e+e− ! H by a factor
(m=me)
2  42; 750. This is a very large factor. The tantalizing question
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is whether it is large enough to make possible a \Higgs factory" with the
luminosities that may be achieved in +− colliders. In e+e− collisions, of
course, the s-channel formation cross section is hopelessly small. That is why
the associated-production reaction e+e− ! HZ has become the preferred
search mode at LEP{2.
The properties of the muon also raise challenges to the construction and
exploitation of a +− collider. The muon is not free: it doesn’t come out
of a bottle like the proton or boil o a metal plate like the electron. On the
other hand, it is readily produced in the decay  ! . Still, gathering large
numbers of muons in a dense beam is a formidable engineering challenge, and
the focus of much of the R&D eort over the next few years. The muon is
also not stable. It decays with a lifetime of 2.2 s into − ! e−e. We
must act fast to capture, cool, accelerate, and use muons, and must be able to
replenish the supply quickly. Multiply 2.2 s by whatever Lorentz (γ) factor
you like for a muon collider, it is still a very short time.
The muon’s decay products complicate experimentation as well. Just to
indicate the dimensions of the problem, in a 2 2 -TeV collider with 2 1012
muons/bunch, every meter the bunch travels sees 2  105 decays, with an
average electron energy of about 700 GeV.
Finally, the neutrinos emitted in  decay may constitute a radiation haz-
ard. You need not fear the neutrinos themselves. The interaction length of
a 100-GeV neutrino is about 25 million kilometers in water, so it has only
about 1 chance in 1011 of interacting in the column depth of your body. The
potential hazard comes from neutrino interactions in the Earth surrounding
a +− collider, which generate hadronic showers. Estimates suggest that
the potential radiation dose from these showers becomes a serious concern for
E  1 - 2 TeV.
The Big Questions for +− colliders
When we discuss whether there should be muon colliders in our future, we
must answer a number of important questions.
 What machines are possible? When? At what cost?
 What are the physics opportunities?
 Can we do physics in the environment? (What does it take?)
 How will these experiments add to existing knowledge not just in the
abstract, but when they are done?
These questions are not the unique concern of a muon collider, but need to
be addressed for any new accelerator we might contemplate. I would like to
underscore the importance of the last question: it is crucially important to
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try to judge what will be known from ongoing experiments and initiatives
already launched at the moment that a new experimental tool could be ready.
What seems like essential information|if we could have it today|may fade in
signicance a decade or more hence. Our goal must be to develop the means
to do experiments that can change the way we think. It is worth keeping in
mind Bob Palmer’s estimate that a First Muon Collider might be in operation
around the year 2010 [?].
The Focus of This Workshop
The Workshop on Physics at the First Muon Collider and at the Front End
of a Muon Collider was organized around nine working groups. One dealt
with accelerator issues, concentrating on the design of a proton driver for the
Fermilab site. Progress on an RF system, longitudinal space-charge eects,
the formation of short bunches a few ns in length, and instability questions was
reported by Bob Noble [?]. Four working groups addressed physics prospects
for muon colliders. They were organized around Higgs and Z factories [?], top
physics [?], supersymmetry [?], and strong dynamics [?]. Four more working
groups explored the physics interest of beams associated with the front end
of a muon collider. Those groups considered low-energy hadron physics [?],
neutrino physics [?], deep inelastic scattering [?], and low-energy muon physics
[?].
The Front End of a Muon Collider
The Front End of a Muon Collider consists of four basic elements.
 A high-intensity proton source. An example design developed for the
Fermilab site ends in a rapid-cycling synchrotron that delivers 16-GeV
protons at 15 Hz [?]. In each cycle, two bunches of 5  1013 protons are
accelerated, for a total of 1:5 1022 protons per year. That is about 103
the number of protons delivered at 8 GeV by the Fermilab Booster.
 A system for pion production, collection, and decay. Charged pions cre-
ated in the collision of the proton beam with a target are conned in a
high-eld solenoid and guided into a 20-meter-long decay channel within
a 7-Tesla solenoid that keeps the muons from escaping. Such a system
might yield about 0.2 + and − per proton, or about 1013 + and −
per cycle, for a total of about 1:5 1021 + and − per year.
 A muon cooling channel to concentrate the muons in six-dimensional
phase space. It is hoped that an \ionization cooling" system [?] could
compress the muons’ phase space by a factor of 105{106, leading to dense
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